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Local membrane ordering of sponge phases at a solid–solution interface
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We report a study of the ordering of the surfactant membranes of cetylpyridiniumchloride–hexanol
in heavy brine sponge phase solutions in the proximity of a quartz surface by simultaneous neutron
reflectometry~NR! and ‘‘near surface’’ small angle neutron scattering~NS-SANS! measurement in
a reflection geometry sample cell. The NR results indicate layered surface ordering correlated with
the solid–solution interface and decaying exponentially with depth over distances corresponding to
a few membrane separations. The absolutely normalized NS-SANS results are consistent with
conventional bulk SANS measurements, also indicating that the layered ordering established very
near the surface does not constitute a phase of significant volume. We have compared this local
surface ordering with the dilution behavior observed for sponge and lamellar phases in the bulk. At
low membrane volume fraction the surface layering periodicity corresponds to the bulk sponge
correlation peak, but approaches the smaller periodicities measured for lamellar systems at the same
membrane volume fraction at higher concentrations. ©2002 American Institute of Physics.
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I. INTRODUCTION

In many situations surfactants in solution organize the
selves locally as bilayer membranes. Depending on the m
brane curvature and interactions, these systems exhib
wide variety of long range symmetries and physical char
teristics. The most widely studied are certainly the distinct
La lamellar phases, which are typically refractive, high
birefringent and viscous. In a number of systems adjacen
the stability domain of theLa phase, the very differentL3

membrane phases are observed.1–3 In marked contrast to
their neighboring phase,L3 membrane phases are transp
ent, isotropic and free flowing. In scattering measureme
theseL3 phases show no long range order, unlike theLa

phases for which sharp Bragg peaks indicate the reg
stacking of bilayers with a well defined periodicityda . For
L3 phases a much broader correlation peak is observed.
suggests some less regular structure with a characte
lengthd352p/Q3 , whereQ3 is the correlation peak scatte
ing vector.

On the basis of neutron scattering and electrical cond
tivity measurements Porteet al.4 proposed that membrane
in the L3 phases of the cetylpyridiniumchloride~CPCl!–
hexanol in brine system form a flexible bicontinuous spo
gelike structure.5 In this morphology multiconnected curve
surfactant membranes separate the brine solvent into
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interpenetrating and equivalent subvolumes. The charact
tic length d3 is identified with the average pore or passa
size of the sponge. Figure 1 shows sketches of the spo
and lamellar morphologies and a section of the phase be
ior of the CPCl–hexanol in heavy brine system studied h
as a function of the membrane volume fractionfM and the
mass ratio of the membrane constituents, hexanol and C
The sponge phase region exists over a narrow range of
anol to CPCl ratios, but extends over wide range of me
brane volume fractions exhibiting pore sizes from a few te
to several thousands of Å.

As we can see from Fig. 1, the isotropic sponge phas
of necessity a bulk phase. Its convoluted morphology co
not be fully accomodated in the proximity of a surface
boundary, while the nearly flat membranes of the nea
lamellar phase would stack easily at such an interface. O
might therefore expect such contraints would lead to dep
tures from bulk phase equilibria due to locally significa
surface contributions to the free energy.6 In the present study
we have used a combination of simultaneous neutron refl
tometry ~NR! and ‘‘near surface’’ small angle neutron sca
tering ~NS-SANS! measurements in comparison with co
ventional bulk SANS to investigate how semi-infinite bu
sponge phases accommodate structurally to the ordering
tential exerted by a single isolated surface.

To our knowledge, the only previous direct work o
sponge phase solutions at interfaces at length scales co
rable to those investigated here are studies on AOT sur
tant systems in the rather more severely constrained ge
etry of the surface forces apparatus~SFA!. In these studies
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Petrovet al.7 and Antelmiet al.8,9 observed oscillations an
jumps in compressibility as the distance between two spo
solution confining mica surfaces was varied. At closest
proach Antelmiet al. observed a decrease in the periodic
of these variations which they interpreted as confinem
inducedL3 to La phase transition. In a previous NR study
disordered bicontinuous microemulsions, a system topol
cally similar to the sponge, Zhouet al.10 reported layered
structures at a free solution surface which extended t
depth of a few correlation lengths. Taken together these
sults strongly suggested that surface induced struct
should be expected for sponge phases under the constra
a solid–solution interface.

II. EXPERIMENT

The NR technique uses the specularly reflected beam
probe correlated surface structures within a depth ra
;5000 Å of an interface.~General reviews of specular neu
tron reflectometry are given by Russell11 and by Penfold and
Thomas.12! This is commensurate with both the length sca
most strongly characterizing the sponge phase, its pore
and pore–pore correlation length, and the correspond
lamellar phase spacing and correlations at the same vol
fraction. The NR/NS-SANS technique presented here u
the small angle scattering from the beam transmitted into

FIG. 1. Sketch views of the morphologies of the convolutedL3 sponge
phase and the simplerLa lamellar phase for membrane systems, and
section the phase diagram for the CPCl–hexanol in heavy brine~0.2 M
NaCl in D2O) system with respect to membrane volume fractionfM , and
the mass ratio of hexanol to CPCl. A biphasic,La1L3 , region exists for
mass ratios between those of the shaded pureLa andL3 phase regions. At
mass ratios above that of the sponge phase a multiphasicL31I ~‘‘isotropic’’ !
region is observed. The dotted circles indicate the positions on the p
diagram of the sponge phases samples at a constant hexanol to CPC
ratio of 1.075, forfM511, 20, 35, and 46 vol % studied by NR/NS-SAN
and SANS. The crossed squares correspond to the lamellar phase sa
(mHex /mCPCl50.9) for the seriesfM510, 15, 20, 25, 30, 35, 40, and 4
vol % measured by SANS to which the sponge results are compare
Sec. V.
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bulk in NR measurements to simultaneously monitor
bulk structure below the interface. The ‘‘near-surface’’ qua
fier reflects that in these measurements beams are at gra
incidence to the quartz-solution interface~;1°! and solution
penetration depths are only a cm or so, the NS-SANS sig
represents scattering from depths of only;1–100mm into
the solution.

Our group has used NS-SANS to investigate order
induced in threadlike micellar systems at an interface by P
seuille shear flow past a solid surface.13–18 In those studies
comparison of NS-SANS and conventional bulk SANS Co
ette shear measurements allowed the identification of m
scopic flow-induced organization in the near-surface reg
distinct from the bulk structure.16 In the case of the spong
systems measured here under static conditions it would a
the detection of similar effects near the interface, such
surface-induced nucleation or condensation of mesosc
lamellar phase domains on the quartz surface. These c
easily extend tens ofmm beyond the surface and the range
NR without, by reason of membrane alignment or small
fective sample volume, being evident in conventional bu
SANS measurements.

The reflection geometry solid–solution interface c
used in our measurements is shown schematically in
2~a!. In this cell the sample solution sits in a rectangu
trough 1 mm deep by 25 mm wide extending 80 mm (L) of
the 82.5 mm length (LQ) of a 12 mm thick slab of polished
crystalline quartz. The trough is sealed with a Teflon O-ri
seated in the cell’s stainless steel base. This static ce
similar to a larger one used previously in the Poiseu
sheared solution measurements, so the cell’s general de
principles14 and overall off-specular scattering geometry13,15

have been described in detail elsewhere. The NR/NS-SA
measurements were taken on the neutron reflectom
MIRROR on the HB3A beamline of the High Flux Isotop
Reactor at Oak Ridge National Laboratory.19,20In these mea-
surements MIRROR’s operating wavelength wasl52.59 Å
(dl/l;1%) corresponding to a wave vectork52p/l
52.43 Å21. Neutrons entered the instrument through a
0.22 mm wide in theẑ direction located 0.95 m from the
sample position and passed into the quartz slab to mee
quartz-solution interface at grazing incidence~anglea i). A
loose guard slit allowed the full length of the sample cell
be exposed to the neutron flux. Precisely positioned abs
ing cadmium barriers meeting the quartz at the ends of
solution trough ensure that neutrons reaching the dete
beyond the cell are either:~i! specularly reflected at the
quartz-solution interface exiting at a grazing anglea f5a i ,
corresponding to a specular scattering vector normal to
interface (ẑ) of magnitudeQR@a i #52k sinai ; or ~ii ! have
undergone transmission into the solution followed by scat
ing event in the solution deflecting them back toward t
solution–quartz interface through which they are again tra
mitted.

The MIRROR instrument is equipped with a translati
stage mounted one-dimensional linear position sensi
detector21 positioned 3.42 m downstream from the samp
This allows measurement of both specularly reflected n
trons and off-specularly scattered neutrons near the reflec
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8535J. Chem. Phys., Vol. 116, No. 19, 15 May 2002 Sponge phases at a solid–solution interface
FIG. 2. ~Color! ~a! Schematic of the reflection geometry NR/NS-SANS cell used in our experiments indicating the geometry of incident, reflec
NS-SANS scattered wave vectors as designated in the text. The vertical scale has been exaggerated for clarity.~b! NR/NS-SANS data for the 35 vol % spong
sample. For each of the individual position sensitive detector scans~horizontal! at the incident beam grazing anglea i the position on the detector has bee
converted to the off-specular anglea f5a i . The NR signal runs vertically at the specular position,a f2a i50. The most prominent NS-SANS signal run
diagonally across the data set approximately at constant angle to the direct beam positiona f2a i522a i . ~c! The 35 vol % sponge NR/NS-SANS dat
normalized to the sample’s NS-SANS scattering volume corrected for absorption and transformed from angular coordinates (a i ,a f2a i) to reflection plane
scattering coordinates (Qx ,Qz8).
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plane defined by the incident and reflected scattering vec
( x̂,ẑ). In our NR/NS-SANS measurements the detector
translated in theẑ direction to track the reflected beam as t
sample angle changes. Its active length in the reflection p
( ẑ) is 100 mm at 0.93 mm per binning pixel, while ea
pixel has an active width in the transverse direction (ŷ) of 50
mm. The consistent analysis of NR/NS-SANS data taken
the geometry presented here allows a more reliable sub
tion of NS-SANS backgrounds to specular reflection m
surements, thus improving the accuracy of NR determi
tions of interfacial structures.

On each pass through the interface the neutron beam
be refracted if the neutron scattering length density of
solution bS differs from that of the quartzbQ .15,22 For the
NS-SANS signal this means that the measured off-spec
scattering component normal to the interface,Qz5k(sinaf

1sinai), must be corrected for refraction to obtain the tr
normal component of the scattering vector in terms of
solution beam grazing angles,a i8 and a f8 ~denoting in-
solution quantities by primes!,

Qz85k~sina f81sina i8!

5k~Asin2 a f2sin2 ac1Asin2 a i2sin2 ac ! ~1!

whereac is the critical angle for total external reflection
the interface @sin2 ac5l2(bS2bQ)/p)]. Scattering vector
components parallel to the interface (x̂, ŷ) are not effected
by refraction, so for thex̂ component along the interface i
the reflection plane we may use the normal small an
approximation,23,24

Qx8[Qx5k~cosa f2cosa i !>Qz~sina i2sina f !/2

>Qz8~sina i82sina f8!/2.
~2!

Due to the small size of the angular term in this transformQx

is about two orders of magnitude smaller thanQz andQz8 in
our scans. For a givenQz8 ~i.e., sinai81sinaf8[2 sinaz8) the
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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conditions of entrance and exit from the solution allowQx8 to
be measured over a limited range (2Qz8 sinaz8 ,Qz8 sinaz8).

From Fig. 2~a! we can see that a conventional SAN
camera detector would be oriented in the (ŷ,ẑ) plane. As
noted above the specularly reflected beam width determ
with the detector in theŷ orientation was 42 mm FWHM~18
mm rms!. Since the specular beam has a zeroQy transfer,
this width considered as scattering from the sample posi
3.42 m upstream determines the intrinsicQy resolution of the
scattering measurement~equivalently it is theDQy50 re-
sponse!. In the detector’s usual NR/NS-SANSẑ orientation
this will be convoluted with the 50 mm detectorŷ pixel
width ~14 mm rms!, giving a transverse angular resolution
6.7 mrad rms. At the operating wavelength in these meas
ments, 2.59 Å, this corresponds todQy50.016 Å21.25 The
detector’s 0.93 mmm pixel width gives the instrument
intrinsic resolution in theẑ direction that is over an order o
magnitude better,dQz;0.001 Å21. While, due to the small
size of the angular term in theQx transform, Eq.~2! above,
the resolution in thex̂ direction is about two orders of mag
nitude better againdQx;1025 Å21. The relatively poor
resolution inQy means that the effective in-solution scatte
ing vector corresponding to a particular pixel in the N
SANS data set is given by

Q>AQx
21~dQy!21Qz8

2. ~3!

Inclusion of the (dQy)
2 term provides a first order correctio

to the effect on the scattering vector of the poor resolution
the ŷ direction~the much smaller contributions from resolu
tion in the other directions are negligible!. This correction to
the scattering vector, which is a rms averaging of the p
sible scattering vectors contributing to the NS-SANS sig
at each detector pixel, is adequate in the current situa
since the isotropic bulk scattering we observe varies re
tively slowly with Q over the measured range.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The NR/NS-SANS measurements were performed
four bulk sponge phase samples of CPCl–hexanol~in mass
ratio mHex/mCPCl51.075) in heavy brine~0.2 M NaCl in
D2O, Debye screening length 6.8 Å! at nominal membrane
volume fractions of 11, 20, 35, and 46 vol %.~The respective
membrane volume fractions calculated from mass fracti
and CPCl and hexanol molecular volumes were 11.1, 2
34.8, and 45.6 vol %.! The positions of these samples on t
phase diagram are shown as circled points in Fig. 1. In
cases they are well within the boundaries of the sponge p
region.26

Figure 2~b! shows the NR/NS-SANS data scan for t
35 vol % sponge sample before full reduction with respec
the sample scattering parameters. Each horizontal row
pixels represents the position sensitive detector signal a
the subtraction of a shutter closed instrument backgrou
correction for detector efficiency, and normalization to t
instrument’s beam monitor count. The vertical axis of t
data set is the neutron beam’s grazing angle of incidence,a i .
Since the MIRROR’s detector tracks the strong specula
reflected signal it stays at the same position on the detect
a f2a i50 on the horizontal axis. The major feature in t
reflected signal is a clear peak whena i.0.85° (QR.0.075
Å21!.

For an incident angle ofa i the direct beam would be a
an apparent exit angle of2a i ~i.e., in data set coordinate
a f2a i522a i). To reduce background and avoid dama
to the detector most of the intense direct beam is blocked
a shade beyond the sample cell, but the edge of the b
above the shadow region and some signal leakage due t
scattering can be seen as a narrow diagonal stripe just a
the true direct beam position in the lower left corner of t
data set. For this sample the solution and quartz are ne
contrast matched (bS>bQ), so there is little refractive dis
tortion. Features parallel to this stripe are therefore at c
stant angle to the direct beam, and consequently at con
Qz . At this angle a strong band of NS-SANS signal is o
served crossing the central region of the data set. Its in
section with the reflected beam is at a noticeable offset to
specular peak, clearly indicating a bulk solution periodic
different from that of the local surface structure causing
specular feature.

For NS-SANS the total volume of scattering that co
tributes to the signal is strongly dependent on the in-solu
scattering angles. The geometrically possible scattering
ume is a wedge of the incident beam widthW and triangle
defined by the quartz–solution interface and the limiti
beam paths for neutron entry into the solution at anglea i8
immediately past the leading cadmium barrier and exit at
anglea f8 just above the trailing cadmium barrier. These e
tremum beam paths are indicated in Fig. 2~a!. This limits the
geometrically possible volume to

Vgeom8 5WL2/2~cota i81cota f8!. ~4!

The actual effective scattering volume in NS-SANS has
same angular dependence as the geometric volume, b
corrected for absorption.15,16. So,
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VS8>Vgeom8 e2mQLQ
2~~mS2mQ!L211e2(mS2mQ)L!

~mS2mQ!2L2
, ~5!

where mQ and mS are the absorption coefficients of th
quartz and solution, respectively. The sample absorp
dominates this correction. From transmission measurem
at 2.59 Å the values ofmS for the 11, 20, 35, and 46 vol %
samples were determined to be 1.13, 1.53, 2.18, and
cm21, respectively, while that for the crystalline quartz sl
is rather lower mQ50.04 cm21. These values are high
enough that for all our samples the effective sample volu
is less than 10% of the geometrically possible volume. F
(mS2mQ)L@1 andmS@mQ we may estimate the effectiv
depth of penetration for the NS-SANS scattering volume

Deff;1/mS~cota i81cota f8! . ~6!

For negligible refraction the effective depth probed by t
NS-SANS background signal at the specular reflection an
is thenDeff;ai/2mS . For the data presented in Figs. 2~b! and
2~c! (mS52.18 cm21! this varies from about 1mm in the first
detector scan (a i50.03°) to about 60mm at the maximum
angle of incidence (a i51.7°).

For small angles we may approximate the angular
pendence of the NS-SANS sample volume from Eq.~4! by

1/~cota i81cota f8!>a i8a f8/~a i81a f8!

>a i8~12a i8/2az8!. ~7!

So at a givenQz8 the NS-SANS sample volume has an i
verted parabolic angular dependence. It is zero fora i850
anda i852az8 ~i.e.,a f850) and a maximum in the symmetri
condition whena i85a f85az8 , i.e., for in-solution scattering
which will appear at the same final scattering vector as
specularly reflected beam. This leads to a symmetric int
sity falloff in the NS-SANS signal at a givenQz8 ~or az8) with
increasing angular separation from the specularly reflec
signal.

Figure 2~c! shows a mapping of the 35 vol % data s
shown in Fig. 2~b! after correction for the angular depen
dence of the NS-SANS scattering volume and transform
from angular coordinates (a i ,a f2a i) to reflection plane
scattering coordinates (Qx ,Qz8). In the off-specular region
where this correction applies the NS-SANS cross section
this system is seen to be essentially constant over the na
range ofQx covered for a givenQz8 . This partially normal-
ized signal also now shows a more gradual falloff a lowQz8
from a peak shoulder atQz8;0.065 Å21. The steeper falloff
in the measured off-specular scattering signal strength at
angle in Fig. 2~b! is a consequence of a small effectiv
sample volume at small incident and exit angles, i.e., la
cotai8 and cotaf8 .

Full reduction of the NS-SANS signal regions of th
data sets, correcting for refraction, effective sample volum
and quartz–solution interface transmission, allows us ob
the macroscopic differential cross section for the near surf
region of the solution. In determinations of the specular
flectivity from our samples the NS-SANS signal is a bac
ground signal. Since this signal cannot be measured dire
in the specular region it must be estimated from off-specu
measurements. Using the known scaling of the NS-SA
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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8537J. Chem. Phys., Vol. 116, No. 19, 15 May 2002 Sponge phases at a solid–solution interface
signal presented above allows improved estimation of
scattering background contribution. Note that the NS-SA
signal corrections themselves involve transmission fac
which are determined from the specular reflectivity. Th
this full reduction of the data sets is necessarily an itera
procedure, beginning from initial signal estimates. Iterat
reduction is particularly important in order to obtain go
results at low scattering vectors, where transmission va
tion and angular dependence of the scattering will have
strongest effects on initial NR and NS-SANS signal es
mates. The simultaneous reduction of the NR/NS-SANS d
has the further advantage that the NS-SANS cross sec
may be absolutely normalized against easily determined
cross sections. Below the critical angle for total reflection
latter depend only on geometric factors and the quartz
transmission which cancels with the common term in
NS-SANS signal. The procedure we used to obtain the fu
reduced NR and reflection plane NS-SANS data for the c
rent instrument geometry is outlined in Appendix A.

III. NS-SANS AND SANS DATA ANALYSIS

Figure 3 shows the fully corrected reflection geome
NS-SANS determination of the differential scattering cro
sections for our series of samples on the MIRROR reflec
meter atl52.59 Å data~full symbols! binned against the
in-solution scattering vectorQ as determined from Eq.~3!.
They are shown in comparison with conventionally me
sured and corrected bulk SANS measurements on the s
solutions made on the ORNL SANS instrument27 at l
54.75 Å ~open symbols!. The absolute normalization unce
tainty for the conventional SANS measurements is64%,
typical of such measurements. Due to the more complica
geometry and absorption corrections the uncertainties for
NS-SANS measurements are somewhat larger;10%. ~This
is discussed in detail in Appendix B.!

FIG. 3. Comparison of fully reduced NS-SANS data~plotted as full sym-
bols! and corresponding bulk SANS measurements~open symbols! for the
11, 20, 35, and 46 vol % sponge samples. Macroscopic cross se
dSS /dV vs scattering vectorQ. Fits to the bulk SANS data are shown a
solid lines.
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As Fig. 3 shows corresponding measurements in
SANS and NS-SANS series agree within these levels of
solute cross-section accuracy throughout the commonly m
suredQ ranges. This simple comparison of the data fro
these two instrumental geometries and wavelengths of it
indicates that there is no apparent shift of the lamellar~or
biphasic! phase boundary in the bulk due to the presence
the solid interface and certainly no significant nucleation
the lamellar phase at the surface.

The structure factor in our fits to the SANS signal~solid
lines in Fig. 3! was that used by Leiet al.28 in their small
angle x-ray study of sponge phases in the quaternary sod
dodecyl sulphate–water–pentanol–dodecane system,

S@Q#511
A arctan~Qj io/2!

Q
1

B

11~Q2Q3!2j3
2

. ~8!

The final Lorentzian term describes the pore–pore corr
tion with correlation lengthj3 and an average pore sized3

52p/Q3 . This modifies the structure factor calculated
Roux et al.29,30 describing the structure on length scal
much larger than the pore size in terms of the character
‘‘inside–outside’’ order parameter,j io , of the solvent vol-
umes separated by the membrane. We foundj io to be effec-
tively infinite over theQ range probed in our experiments~as
did Lei et al. in x-ray measurements reaching scattering v
tors an order of magnitude lower than those accessible he!.
So this term in the structure factor appears as a simpleA/Q
in our fits. In all cases it made only a very small contributi
in the region of the pore–pore correlation peak position.

The form factor used was a relatively simple analy
approximation to the scattering from a randomly orient
discoid of the CPCl–hexanol membrane’s neutron cont
thickness for this system,to520.5 Å ~see discussion in the
next section! and transverse radius of gyrationr. Its deriva-
tion was inspired by the fact that the form factor used by L
et al., the average over random orientations of a disc of fix
radiusR and contrast thicknessto , could only be calculated
numerically. Testing over theQ range covered in the mea
surements presented here~and somewhat beyond! the two
forms were found to be essentially equivalent at the sa
transverse radius of gyration, i.e., whenR5A2r as ex-
pected. While use of the analytic form greatly reduced
data fitting times, for the purposes of comparison with t
simultaneously collected NR measurements, the impor
parameter derived from the SANS data is the pore sized3 .
This value is derived from the Lorentzian term in the stru
ture factor and is relatively insensitive to the exact form fa
tor. The expression and its derivation are therefore prese
in Appendix C.

The three structural parameters (d3 , j3 , andr) obtained
from the SANS fits are presented in Table I. In all cases
SANS values agree with~the less precisely determined! val-
ues obtained from the NS-SANS data. Thed3 value for the
11 vol % solution is an exception since the NS-SANS data
this case does not extend to low enoughQ to allow an accu-
rate determination of this parameter.

on
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Fitting parameters derived from SANS and NR fits.

SANS fit parametersa NR fit parametersb

Sample
fM

~vol %!
d352p/Q3

~Å!
j3

~Å!
r

~Å!
fM

~vol %!
fs

~vol %!
DfM

~vol %!
zo

~Å!
dz

~Å!
jz

~Å! d3 /dz jz /dz

11 ~11.1! 333 6 25 103 23 116 3 100 9.2 2166 15 3266 12 215 1.0260.08 0.65
20 ~20.0! 171 6 7 60 21 206 3 100 14 1246 5 1656 3 109 1.0460.04 0.66
35 ~34.8! 94 6 3 52 11 356 3 95 29 716 3 83 6 2 91 1.126 0.04 1.10
46 ~45.6! 71 6 2 32 6.2 476 3 94 42 556 3 57 6 2 126 1.2260.05 2.21

aAll values given are derived from bulk SANS data, but give satisfactory fits to the NS-SANS data. Values consistent within larger errors may be
directly from the NS-SANS data. Thed3 value for the 11 vol % solution is an exception since the NS-SANS data does not extend to low enoughQ to allow
an accurate determination.

bThe repeatability accuracy of the MIRROR reflectometer in direct and reflected beam position determinations and hence angular calibrations is;0.2 mm. For
the instrument’s 3.42 m sample to detector distance and 2.59 Å operating wavelength this corresponds to an absolute scattering vector uncedQR

;0.0004 Å21. This contribution which dominates at low values ofQR ~i.e., for larger scale structures and critical reflection edge determinations! has been
included in the uncertainty estimates of the NR derived parameters given in this table.
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IV. NR DATA ANALYSIS

Figure 4 shows the series of specular reflection meas
ments for the four sponge samples~symbols!. Also shown on
these plots~dashed lines! is the extrapolated NS-SANS back
ground subtracted from the specular beam region at e
QR . This signal has been normalized as a specular sig
@see Appendix A, Eq.~A1!# and therefore represents the e
fective specular reflection contribution of the backgroun
Obviously this signal could overwhelm the true specular
flection signal near the correlation peak of the NS-SA
signal from the sponge and asR@QR# falls at higherQR . In
practice for the present case we were able to obtain sta
cally valid specular reflection measurements for signal
NS-SANS background ratios above;1/3. In order to im-
prove statistics in poor signal to background ratio regions
the data, it was necessary to rebin the measured data
several sequential incident angle steps. This is apparen
the broader rms resolution ofQR at these values~shown as
horizontal error bars!.

Fits to the specular reflection signal are shown as s
lines, with the fitting scattering length density profiles
insets. Satisfactory fits were obtained with the followi
simple profile model. The quartz superstrate’s scatter
length density was fixed at the value ofbQ54.1731026

Å22. The bulk scattering length density of the solution w
modeled by evenly displacing some volume fraction of
heavy brinebD2O56.4031026 Å22 with material of scatter-
ing length density ofbM520.0531026 Å22, the averaged
scattering length density of the hexanol to CPCl mix in o
sponge samples. So the bulk sponge scattering lengt
given by

bS5fMbM1~12fM !bD2O. ~9!

The bulk volume fraction of membrane,fM , was a free
parameter in the fit. Using Eq.~9! and the values given abov
the contrast matched condition between the quartz and
bulk solution occurs forfM534 vol %. A critical edge for
total external reflection allowing absolute normalization
the NR/NS-SANS data sets is observed for the two sam
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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below this concentration~11 and 20 vol %! and we note
again that the 35 vol % sample is almost exactly contrast
refraction matched to the quartz.

Since the quartz surface is negatively charged and
system is cationic we expect an adsorbed membrane on
quartz surface.31 The significant neutron scattering contra
from such a membrane will come primarily from its core, t
hydrocarbon tails of CPCl and hexanol. SANS form fac
measurements performed by our group gave a value for
membrane core thickness ofto520.561.0 Å,32 which is
consistent with prior determinations for this system.33,34 Di-
lution law determinations of the full membrane thicknes
tM , by our group~described in Sec. V and Appendix D! give
a value of 25.660.5 Å and are consistent with previous d
terminations for this system.34,35 These values of the ful
thickness and the core width give a physically realistic e
mate of about 2.5 Å for the surfactant head group layer thi
nesses at the membrane surfaces. In order to limit the n
ber of free fitting parameters we made no attempt to mo
the fine structure of the surface layer, such as the wea
neutron contrast of these molecular head groups outside
core. In any case, these would only contribute significantly
the signal atQR values higher than those covered in o
measurements. Our NR fitting model’s simplified surfa
layer therefore has only a fixed hydrocarbon thickness oto

520.5 Å.
For the scattering length density of this surface layer

used a fixed value of20.431026 Å22, calculated from the
molecular volumes of the tails, their scattering lengths a
the hexanol to CPCl mixing ratio. The center of the layer w
set at a fiducial depthz50. The free parameter for this pa
of the model was the volume occupation of the adsorb
layer in this region,fs . We were not able to fit the reflec
tivity data without including such a layer; and, as the sc
tering length density insets in Fig. 4 show, in all casesfs is
nearly unity, as the scattering length density in this surfa
layer is close to20.431026 Å22 for all the data set fits. The
previously measured 3 Å rms surface roughness off
quartz surfaces was allowed for in the model by a fixed 3
Gaussian smearing of the fully developed profile. The eff
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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8539J. Chem. Phys., Vol. 116, No. 19, 15 May 2002 Sponge phases at a solid–solution interface
FIG. 4. NR measurements for the 11, 20, 35, and 46 vol % sponge sam
~symbols!. Specular reflection coefficientR vs specular scattering vecto
QR . The dashed lines show the extrapolated NS-SANS background
tracted from the specular beam region at eachQR in the reduction proce-
dure. Solid line fits are calculated from the scattering length density pro
shown in the insets in the upper right of each reflectivity plot. For the 11
20 vol % data sets an expanded view of the fit in the region of the lo
peaks in the reflection signal due to the surface ordering is shown in in
at bottom left.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
of this smearing on the profile is visible at the boundaries
the surface layer and acts in a similar manner to a Deb
Waller factor throughout subsequent reflectivity calculatio
For an isolated surface reflectivity is reduced by t
Nevot–Croce36 factor, exp@2QR

2sr
2#, wheres r is the surface

roughness. At the maximumQR in our measurements,;0.15
Å21, this smearing of the scattering length density profi
reduces the calculated reflectivity in our fits by a factor
approximately one-half.

The variation in scattering length density profile givin
rise to the peaks observed in the specular reflectivity w
modeled using a simple damped cosine wave oscillation
the membrane volume fraction about the bulk value. T
corresponding oscillation in the scattering length dens
above the surface layer is visible in the fit insets to the
flectivity data plots. The free parameters of this feature w
the amplitude of the oscillation,DfM ; its periodicity, dz ,
decay depth,jz ; and the zero phase position,zo , of the
cosine wave oscillation taken from the center of the surf
adsorbed layer. In the fitting procedureDfM was constrained
to prevent the pure heavy brine scattering length density
ing exceeded at the minimum membrane concentration o
the oscillation. So the average membrane concentratio
the solution has the form,

f@z#5fM1DfMe2(z2zo)/jz cos@2p~z2zo!/dz#. ~10!

And the scattering length density in solution as a function
depth is then

b@z#5f@z#bM1~12f@z# !bD2O. ~11!

This fitting model is a direct phenomenological anal
of the fits to the bulk sponge data, since a Lorentzian
derived from the Fourier transform of an exponentially d
caying oscillation.

Values ofR@QR# for these continuous functional scatte
ing length density profiles were calculated by approximat
them by a series of fine steps and solving for the dynam
multilayer neutron reflectivity by the methods described
detail by Russell11 and Zhouet al.10 ~The scattering length
density inset plots in Fig. 4 are calculation multilayer plot!
The calculated reflectivities were averaged over instrum
resolution at each data point and fits to the data obtained
conventionalx2 minimization.37 The values of the param
eters determined from the NR fits (fM , fs , DfM , zo , dz ,
andjz! are shown in Table I.

V. DISCUSSION OF RESULTS

The local surface structure parameters derived from
NR measurements may be discussed in the well known c
text of membrane phase dilution behavior. It was obser
by Porteet al.4 that for a given sheet structure geometry
the bulk the characteristic correlation lengthdc obtained
from scattering results will be proportional to the sheet thic
ness and inversely proportional to volume fraction occup
by the sheets, for our systemtM andfM respectively. So,

dc5
2p

Qc
[C

tM

fM
. ~12!
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For the simplest situation to visualize, flat lamellar stru
tures without ripples,dc is simply the lamellar periodicity
da , the sheets are as close as they can be and the geome
constant of proportionalityC is unity. Curvature and rippling
of the sheet structure increases the value ofC. For the stiff
high symmetry case of a bicontinuous cubic structure w
out ripples, for which the negative Gaussian curvature of
membranes is constant,C is about 1.5.4,38 Ideal dilution be-
havior would be followed if the constant of proportionali
for a given geometry did not change with concentratio
keeping the experimentally measurable quantitydcfM

[CtM constant with respect to concentration. However,
these systems thermodynamic fluctuations are an intri
feature of the oscillation forces that dominate the membr
interactions.39 The excess membrane area taken up by fl
tuations leads to an increase inC and thusdcfM . This ex-
cess area effect increases with dilution, since the gre
available volume between membranes allows higher am
tude, longer wavelength fluctuations. For lamellar systemC
is usually in the range 1–1.3. Sponge phases (dc5d3) are
essentially disordered cubic phases. For this less geom
cally regular and more flexible morphology, the report
range of values forC is somewhat below the cubic phas
value, typically 1.2–1.4. Also, due to the instrinsic curvatu
of the sponge phase, the value is about 20%–30% hig
than for lamellar phases at the same membrane volume
tion.

The second last column of Table I gives the ratio of t
bulk sponge correlation distanced352p/Q3 determined by
SANS and the local depth periodicitydz in the proximity of
the quartz surface determined from our NR measureme
At the lowest concentrations this ratio is unity within erro
and as the membrane volume fraction increases the c
trend is to a significantly smaller periodicity being esta
lished in the proximity of the solid–solution interface. Th
ratio of 1.2260.05 for the 46 vol % sample is similar to tha
expected betweend3 and da for bulk sponge and lamella
phases at the same membrane volume fraction. Over
same range the decay of the oscillation expressed as the
of the decay constant to the surface periodicityjz /dz ~Table
I final column! increases by a factor of 4. This trend sugge
that as the bulk membrane volume increases an at l
quasi-lamellar ordering is established within a few hund
Å of the solid–solution interface.

We therefore used the sheet structure Eq.~12! to deter-
mine the experimental values ofd3fM[C3tM from the pore
correlation peaks observed for the bulk sponge by SA
~and NS-SANS!, with the effective surface quantitiesdzfM

and zofM. To allow comparison with a true lamellar pha
ordering at similar membrane volume fractions we also
clude values ofdafM[CatM for a parallel series of SANS
determinations of lamellar phase periodicity in our CPC
hexanol–heavy brine system. ThisLa phase series has
mass ratio of hexanol to CPCl of 0.9, the positions of th
samples in the phase diagram are indicated in Fig. 1.
variation of these values with the bulk membrane volu
fraction for the dilution series are plotted in Fig. 5. Clearly,
low membrane volume fraction the local surface layer
periodicity dz corresponds to the bulk sponge correlati
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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peak, but approaches the periodicities measured for
lamellar systems at the same membrane volume fractio
higher concentrations.

The line fits to the sponge and lamellar plots ofdcfM

[CtM versusfM are adapted from the widely used trea
ment of Rouxet al.33 giving the thermodynamic correction
excess area effects in dilute lamellar systems. At low conc
trations these fluctuations result in an increase inC propor-
tional to ln@1/fM#. At the higher membrane volume fractio
range covered by our sample series these fluctuations b
to be strongly suppressed by geometrical constraints an
simple dilution law behaviordafM'C8tM5const begins to
emerge. The scaling of the plot in Fig. 5 is chosen to emp
size this behavior.~A very striking example of this effec
may also be seen in a high resolution x-ray study of lame
systems reported by Freyssingeaset al.40! In our treatment,
which is derived in Appendix D, the area coefficientC is
described as the product of a purely geometric term for
phase in question,C8, and a thermodynamic fluctuatio
term,

C>C8S 11
kBT

8pko
lnF11

ko

kBT S C8tM

Lmin /x

~12fM !

fM
D 2G D .

~13!

The fit to the fluctuation corrections to the area factor a
function of the membrane volume fractionfM depends on
three parameters:ko /kBT; the membrane’s bare bendin
modulus in reduced thermodynamic units (T5295 K!;
C8tM , the product of the geometric~zero fluctuation! value
of the area factor and the membrane width; andLmin /x, the
short wavelength cutoff of the membrane fluctuations
vided by a numerical factorx;1. The fits shown in Fig. 5
use consistent values ofko /kBT>0.8, tM525.660.5 Å, and

FIG. 5. Experimentally determined values ofdcfM vs fM for the sponge
~dotted circles,dc5d3) and lamellar~crossed squares,dc5da) bulk phase
dilution series. Solid line fits to the sponge and lamellar data are calcul
using Eqs.~12! and the excess area Eq.~13! derived in Appendix D. Dilu-
tion scaled parametersdzfM ~solid diamonds! andzofM ~solid triangles! are
calculated from the period and zero phase position of the layered sur
ordering for the sponge phase determined by NR.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Lmin /x;50 Å for both the sponge and lamellar fits. The ge
metrical area parameter for the sponge phaseC38 was 1.25,
assuming that the fluctuation suppressed value of the la
lar phase geometryCa8[1. ~Details of the fitting procedure
are given in Appendix D.!

From Eq.~13! and the equivalent~D7! in Appendix D
we can see that a change from dilute solution ln@1/fM# de-
pendence, equivalent to that observed by Rouxet al.,33 to a
simple dilution law dependence as fluctuations are s
pressed at higher concentrations will occur near a transi
membrane volume fraction,

fM
t .S 11AkBT

ko
S Lmin /x

C8tM
D D 21

. ~14!

This represents an estimate of when geometrical constra
on membrane oscillation due to inter-membrane collisio
approaches the lower structural limit on membrane osc
tion represented byLmin . Using the parameters derived fro
our dilution fits for this systemfM

t ;30 vol %. From Fig. 5
the transition between apparently spongelike local surf
order to quasilamellar order apparently coincides with
crossing of this concentration regime. It may be specula
that as pressure due to membrane fluctuations decreases
concentration that the sponge structure is no longer st
against the ordering potential exerted by the solid surfac

Within the limits of our simple fitting profile, which
models the local surface depth profile only in terms of
primary Fourier component and a simple exponential de
the zero phase position of the local membrane concentra
oscillation zo represents an approximate indication of t
center to center distance between the adsorbed surface
and the average position of the first free membrane in s
tion. The scaled parameterzofM exhibits nearly ideal dilu-
tion behavior and is constant within errors about its me
value, 24.760.6 Å, which is close to the surfactant mem
brane thicknesstM525.660.5 Å determined from the lamel
lar phase dilution series. So the separation of this first s
tion layer from the surface is approximately the same as
periodicity we would expect in a lamellar phase without flu
tuations at the same bulk membrane volume fraction. T
suggests that in the structural accommodations necessar
the bulk sponge phase to conform to the surface constra
membrane fluctuations for this closest layer to the interf
are suppressed at all concentrations.

It is interesting to~cautiously! correlate our results with
the SFA measurements made on AOT sponges over a sim
membrane volume fraction range by Antelmiet al.8,9 ~9–18
vol %! and Petrovet al.7 ~20–50 vol %!. First, we note that
we observe about the number of membrane concentra
volume fraction oscillations in the surface constrain
CPCl–hexanol sponge phases that one might expect from
SFA results on AOT sponges if we assume that the obse
interactions begin to occur when surface ordered struct
associated with the approaching solid surfaces begin to o
lap significantly, i.e., there are about twice as many fo
steps as we observe distinct oscillations in the scatte
length density insets in Fig. 4. Like our concentration os
lation decay constant normalized to the surface peri
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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icity jz /dz the number of these force steps~and therefore any
presumed surface potential range normalized to step s!
increased out of proportion to concentration increas
Petrovet al., for instance, observe only 3 force steps~with
the last extremely weak! at 20 vol % and 8 at 40 vol %. In
detailed measurements on series of 9–18 vol % AOTL3

samples near the center of the sponge phase domain, like
series well away from the boundaries with adjacent bipha
regions, Antelmiet al.9 observed the compressibility steps
be periodic at theL3 periodicity. This is consistent with ou
observation of surface ordering periodicitiesdz similar to the
sponge phase correlation lengthd3 at lower concentrations
Unfortunately their measurements did not extend to
higher concentrations at which we seedz approach lamellar
values. In future NR/NS-SANS studies we intend to comp
the change of surface ordering with temperature41 in the
AOT system with the observed SFA interactions as ph
boundaries are approached. It is also hoped that a ‘‘neu
confinement cell’’ currently under development42 will even-
tually allow NR to routinely probe complex fluid structure
formed between solid surfaces in close approach and
directly address the question of confinement inducedLa /L3

phase changes in AOT sponge systems.

VI. CONCLUSION

We have measured the local and near surface structu
bulk sponge phases of CPCl–hexanol in heavy brine un
the constraint of a proximate quartz surface by simultane
measurement of NR and the NS-SANS signal in the refl
tion plane on a neutron reflectometer with a one-dimensio
position sensitive detector. The parameters derived fr
these measurements have been compared to those obt
from conventional bulk SANS on the sponge samples an
lamellar phase series covering the same range of memb
volume fractions.

No significant difference was found between the reduc
NS-SANS and bulk SANS measurements for the spo
phases. This indicates that the surface conformation of
highly fluid sponge phase extends less than a fewmm into
the bulk. The NR results agree with this finding and a
consistent with an adsorbed layer of membrane at the sur
and a symmetric oscillation of the membrane volume fr
tion about the bulk value that is damped out within a fe
hundred Å of the surface for all our sponge samples. Ob
ously for any membrane fraction below 50 vol %~i.e., all our
samples! this symmetric oscillation about the bulk valu
does not allow the membrane volume fraction in the solut
to reach 100%, so this model precludes the formation o
true lamellar ordering with a number of fully occupied laye
at the surface. We did explore a number of more complica
asymmetric models which allowed this to occur, as well a
number of other decay functions~including Gaussian and
stretched exponential!. None gave a satisfactory fit to our NR
measurements.

At lower membrane volume fractions the surface lay
ing periodicity we observed corresponds to the bulk spo
pore size correlation peak as determined from SANS
NS-SANS, but approaches the 25% smaller periodicit
measured for lamellar systems at the same membrane
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ume fraction at higher concentrations. Over this same ra
of concentrations the bulk SANS dilution measurements
the lamellar and sponge systems indicate that memb
fluctuations are suppressed as geometric restrictions inc
ingly limit the longest wavelength mode the membra
structures can support. It is possible that this transition fr
a sponge-like to a quasilamellar local surface structure in
cates that significant contributions to the local free ene
from fluctuations are necessary to maintain the stability o
local spongelike ordering at the surface over an align
lamellar ordering. The ideal lamellar dilution behavior of t
zero phase position of the membrane concentration osc
tion associated with the surface is apparently consistent
this interpretation. Sincezo represents an approximation o
the distance from the surface adsorbed layer to the nea
free membranes in solution, this at least suggests that
tuations are always suppressed for the closest membran43

This concentration dependence has a number of impl
tions for models of the local surface ordering of the me
branes. In the low concentration limit our observations s
gest that such a model might well start from a picture
sponge phase with passages that are distorted or limite
direction in the proximity of the surface. On the other han
the high concentration limit and the behavior ofzo might
suggest a model starting from a lamellar phase which is
creasingly defective with depth due to interlayer passa
which finally reach the orientational disorder exhibited
sponge phase pores in the bulk. In either case, or in s
alternative picture, the indications of a role for membra
fluctuation dynamics seem to indicate that a relatively
phisticated treatment will be necessary to determine the
act nature of the local surface ordering revealed by our m
surements.
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APPENDIX A: NR ÕNS-SANS DATA REDUCTION

Full simultaneous reduction of NR/NS-SANS data s
in the current instrument configuration proceeds by ana
ing the specular and off-specular signals in terms of the c
sections each represents. The total cross section of the
sured specularly reflected neutron signal is related to
specular reflection coefficientR by

sR5R@QR@a i ##3WL sina i3exp@2mQLQ#3 f , ~A1!
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whereWL sinai is the geometric acceptance of the quart
solution interface of lengthL ~80 mm for our cell!, for a
neutron illuminated sample widthW ~defined by a 19 mmŷ
high guard slit at the sample’s leading edge!, at angle of
incidencea i ; and exp@2mQLQ# corrects for absorption as th
neutron beam passes through the lengthLQ of the quartz
slab.

Since the instrument slits are parallel toŷ the beam col-
limation is loose in this direction and the specularly reflec
beam can, and in the present case did, exceed the detec
50 mm width somewhat. The factorf corrects for this, rep-
resenting the fraction of the specularly reflected beam in
cepted over the detector’s 50 mm width. It is easily det
mined since by reorienting the detector’s 100 mm len
along ŷ we can measure the specularly reflected beam o
its full width in this direction~FWHM of 42 mm, 18 mm
rms!. The ratio of the reflected beam currents in this orie
tation to that in the normalẑ orientation gave a valuef
50.7160.04 for the reflectometer configuration used this
ries of measurements.

Examination of Eq.~A1! shows that at angles of inci
dence below the critical angle for unit reflectivity~i.e., at
angles of incidencea i,ac) the reflection cross section de
pends only on sample cell dimensions, the angle of refl
tion, the measured specular intensity fractionf, and the trans-
mission through the full length of the quartz slab e
@2mQL#. At a given incident neutron flux and cell geomet
this allows us to directly obtain an absolute normalization
the cross section against the measured specularly refle
neutron currents. For the 11 and 20 vol % sponge sam
the solution bulk scattering length density is greater than
of the quartz so a unit reflectivity region exists. The absol
normalization from these two samplesR51 regions agreed
to within 3%. The averaged cross-section normalization~ac-
curate to;2%) was applied uniformly to the NR signa
~between which uncertainty in the determination off cancels
out! and NS-SANS signals from all four samples.

The cross section per detector pixel in the off-specu
signal from the near-surface bulk scattering is related to
differential macroscopic cross section for the in-soluti
scatteringdSS /dV8 by15

sS>dSS /dV83DVpixel~sina f /sina f8!

3
WL2

2~cota i81cota f8!
3exp@2mQLQ#

3
2~~mS2mQ!L211e2(mS2mQ)L!

~mS2mQ!2L2

3~12R@QR@a i ## !~12R@QR@a f ## !. ~A2!

In this expression, the instrumental solid angle per dete
pixel DVpixel ~4.031026 steradian! appearing in the first line
is corrected for refraction as it crosses the solution–qu
interface to give the in-solution solid angle; the second l
and third lines are a rearrangement of the effective scatte
volume VS8 given previously in Eqs.~4! and ~5!; while the
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final line is the correction for the transmission of the init
beam incident ata i and transmission of the scattered bea
back through the interface to exit ata f .

Since the NS-SANS signal is a background signal to
specular reflectivity signal while its transmission correcti
includes specular reflectivities evaluated ata i anda f a full
reduction of the NR/NS-SANS data set is necessarily an
erative procedure. In the present case the NS-SANS sign
much lower than the specular signal over the lowa i or a f

angle range for which the transmission correction is sign
cant. Therefore the normalized reflectivity without bac
ground subtraction provides an adequate starting estimat
reflectivity values to be used for initial transmission corre
tions used in determinations of the NS-SANS signal.

For each data set the NS-SANS signal was evalua
over the off-specular angular regions on either side of
specular peak defined byua f2a i uP@0.15°,0.5°# along lines
of constantQz8 . The values ofdSS /dV8@Qz8# determined
from sS in these off-specular pixels were in turn used
improve the accuracy of the NS-SANSsS background esti-
mates in the specular region, (a f2a i).0, to improve the
reflectivity determination. Likewise, the better determin
tions of the true specular cross sectionsR and specular re-
flectivity improve estimates of the bulk scattering leng
density and therefore the refraction corrected angles (a i8 and
a f8) necessary to evaluate the value ofQz8 at a given detector
pixel and the corresponding value ofdSS /dV8 from the
expression forsS . For the data presented here this reduct
procedure converged after only a couple of iterations. T
reduced data presented here represents the third iteratio
this procedure.

We note that the dependence of the NS-SANS signasS

represented by Eq.~A2!, the consequences of which are se
in the data of Fig. 2~b!, makes the use of so-called ‘‘longitu
dinal diffuse scans’’ an occasionally dubious method of
termining nonspecular backgrounds to NR measureme
Often used in point detector reflectivity measurements, th
consist of measuring the off-specular scattering ata f equal
to a i plus an offset, i.e., at a different scattering vector, a
different effective scattering volume and at different inter
cial transmissions to those pertaining for the nonspec
background at the position of the specular signal. The effe
of the mismatch between background and specular si
will be particularly marked when relatively well define
strong bulk scattering features exist; as, for instance
lamellar systems. Although in principle the results of suc
scan could be corrected in a manner similar to that emplo
here to obtain a better estimate of the background to
specular signal, in practice it seems that this is rarely don
similar point was made by Schlomkaet al.25 in their study of
specular and diffuse scattering from Si/Ge layers.

The reduction procedure outlined above with transm
sion and resolution corrections applied as a function
wavelength is also applicable to time-of-flight neutron me
surements.
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APPENDIX B: ACCURACY OF ABSOLUTE
NORMALIZATIONS FOR SANS AND NS-SANS

Full details of data collection and correction for instr
mental backgrounds, etc. for the ORNL SANS instrume
have been published in elsewhere.27,44–48 For the conven-
tional SANS measurements scattering intensities were c
verted to absolute differential cross sections by compari
with precalibrated secondary standards based on the m
surement of beam flux, vanadium incoherent cross sect
and the scattering from water and other reference materia44

For relatively strong scatterers such as ours, the63% uncer-
tainty from this source is the major contribution to unce
tainities in absolute normalization of conventional SAN
data. The next highest in our case is determined by the
curacy of transmission corrections. For our samplesdT
;2% for 2 mm thick sponge samples in standard fus
silica SANS Hellma49 cells. The measured transmissio
simply scale measured SANS intensities and these uncer
ties for both sample and scattering standard propagate
rectly through the normalization in the usual way. Wi
smaller contributions from background and empty cell su
tractions the absolute differential cross section uncerta
for these measurements is64%.

In our NS-SANS measurements absolute cross sec
normalization to an accuracy of;2% was possible using th
R51 specular reflection signal below the critical edge a
calibration standard. However, in this more complicated sc
tering geometry sample transmission measurements con
ute a larger uncertainty in the final determination of the a
solute differential cross section uncertainty than
conventional SANS. They contribute to the normalizati
through the appearance of total macroscopic cross sect
mS , calculated from them in the relatively complicated a
sorption correction dependence of the effective scatte
volumeVS8 of Eqs.~4! and ~5! appearing on the second an
third lines of Eq.~A2!. The dependence on both the qua
slab transmission exp@2mQL# and incident beam widthW
appearing in the second line cancel out as common facto
the absolute normalization against the specular signals
determine the transmission correction error we note that
all our samples (mS2mQ)L@1 mS@mQ so the sample ab
sorption correction factor on the third line in Eq.~A2! is
approximately equal to 2/mSL. Again a common factorL
cancels out, and the dominant uncertainty in applying
absorption correction is simplyd(1/mS). Transmission mea-
surements at 2.59 Å on the reflectometer were made u
the 2 mm Hellma cell bulk SANS samples. The uncertain
in the transmission measurement was again;2%. Since
mS52 ln@T#/t, and ignoring uncertainties in the thicknesst of
the precision Hellma cells, we find thatdmS /mS

'(dT/T)/ ln@T#. For the 8062% transmission of the 11
vol % sample this uncertainty is611%, while for the 60
62% transmission of the 46 vol % sample it is67%. The
next largest contribution to the absolute normalization unc
tainty is the 6% error in the specular interception fractionf
50.7160.04, which applies as a constant scaling factor
all four data sets. Other sample geometry contributions
accurate to a few percent. For the series the uncertainty in
absolute normalization with respect to comparing the SA
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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and NS-SANS measurements varies from 9% to 12%.

APPENDIX C: ANALYTIC SPONGE FORM FACTOR
APPROXIMATION

We begin with the one-dimensional form factor of a
idealized infinite surfactant bilayer in solution. Over a thic
nesst the scattering length density contrast with the solv
is Db. ~In our case this thickness would beto , the hydro-
carbon core width of the bilayer excluding the hydrated s
face region.! With the bilayer centered atz50 the form fac-
tor is

F2@Qz#5~Db!2t2 sinc2@Qzt/2#. ~C1!

Following Nallet et al.,50 we note that intensity from a rea
membrane structure is not actually zero atQz52p/t, and
instead use their modified form,

FN
2 @Qz#52~Db!2

~12cos@Qzt#exp@Qz
2d2/2# !

Qz
2

. ~C2!

which may be viewed as the result of an averaging of
~C1! over a distribution of the layer thickness value abou
meant with Gaussian widthd. While the width could be a
free parameter in the fitting procedure we found good co
spondence with the numerical form factor of Leiet al.28 with
d fixed at Nalletet al.’s value of t/4.

In cylindrical coordinates (r ,u,z) we can construct the
three dimensional form factor of a ‘‘discoid’’ by letting th
scattering length density contrast fall as exp@2r2/r2#, where
r is simply a transverse radius of gyration of the membran
scattering length density contrast. The Nallet on
dimensional form factor is now simply multplied by the tw
dimensional in-plane form factor,

FN3
2 @Qr ,Qz#5FN

2 @Qz#~pr2!2 exp@Qr
2r2/2#. ~C3!

Now Q5AQr
21Qz

2. The scattering contrast volume corr
sponding to this form factor iŝV&5pr2At21d2 and its
three-dimensional radius of gyration is given by^Rg&
5Ar21(t21d2)/12. Note thatAt21d2 is simply the rms
value of the contrast thickness over the distribution. Sin
for our choice ofd5t/4 we haved2!t2, we will simply
approximate this rms width byt in the following expressions
so V>pr2t andRg>Ar21t2/12.

At large scattering vector (Q@2p/r andQ@2p/t) it is
easy to obtain the average of random orientations of
form factor over the 4pQ2 surface of the Ewald sphere i
reciprocal space,

^FN3
2 @Q#& > FN

2 @Q#~pr2!2
1

Q2r2
. ~C4!

We note that at small scattering vector the familiar Guin
behavior for the form factor for an object of radius of gyr
tion Rg and volumeV is

FG
2 @Q# > ~Db!2V2 exp@2Q2Rg

2/3#. ~C5!

Examining Eqs.~C2! and ~C4! we find that we can re-
move theQ50 singularity and force the Guinier behavior
Eq. ~C5! to second order inQ at small scattering vecto
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while maintaining the large scattering vector limit by
simple modification of the 1/Q2r2 term in Eq.~C4!. So,

^FN3
2 @Q#& > FN

2 @Q#~pr2!2
1

Q2r21exp@22Q2Rg
2/3#

,

~C6!

which is the analytic form factor approximation used in t
fits to the SANS data presented in Fig. 3. The behavior
this analytic form factor was found to be essentially equiv
lent to numerical calculations of the form factor used by L
et al.28 based on discs of radiusR and thicknesst, when the
transverse radii of gyration for the two geometries we
equal, i.e.,r5R/A2.

APPENDIX D: EXCESS AREA FACTOR DERIVATION

The modified excess area factor for higher volume fr
tion fluctuating membrane systems presented as Eq.~13! of
Sec. V was derived as follows. We express the constantsC3

and Ca as the product of a geometric factor describing t
average membrane geometry without fluctuationsC8, and an
excess area factorAreal/Aproj , the ratio of the real to pro-
jected bilayer area in a fluctuating membrane system. So

C[C8~Areal/Aproj!. ~D1!

The Helfrich33,51,52expression for the excess area factor d
to fluctuations may be put in the form,

Areal

Aproj
>11

kBT

4pko
lnFLmax

Lmin
G , ~D2!

where T is the absolute temperature andko is the mem-
brane’s bending modulus.Lmax and Lmin are the long and
short wavelength cutoffs of the membrane oscillations. T
long wavelength cutoff is determined the limit at which th
membrane can be considered to be freely fluctuating,
unobstructed and not affected by collisions. At a particu
temperature this limit will be reached when the avera
transverse excursion of the modexAkBT/koLmax equals the
average separation between the membrane surfaces. The
stant of proportionalityx is of order unity and model depen
dent. Using the estimation from the unified microscop
theory of dilute lamellar phases due to Golubovic´ and
Lubensky53 would give a valuex5A32/3p/2'0.92, while
Pieruschkaet al.54 estimatedx'A3/2'0.86.55

To first order we can approximate the membrane sep
tion by its value in the absence of ripples~the rigid mem-
brane limit,Areal/Aproj[1), which is simply

dc@ko@kBT#2C8tM>C8tM~12fM !/fM . ~D3!

Note the (12fM) factor arising from the correction of th
center to center correlation distance between membrane
the transverse average of the finite bilayer thickness,C8tM ,
for a given geometry. For dilute systems this factor is clo
to unity and may be neglected,33 but as noted by Helfrich52

should be retained for systems such as ours withfM not
much less than unity. Simply using this expression for
separation gives the following first order estimate of t
maximum,
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Lmaxuo'xAko /kBTC8tM~12fM !/fM . ~D4!

While retaining the (12fM) term in this expression en
sures that it predicts the absence of room to oscillate
fM→1, it gives an obviously unphysical limit o
Lmax/Lmin→0, i.e., it allowsLmax to be less than the sho
wavelength cutoff. The physically consistent limit is th
as fM→1 that Lmax/Lmin→1 ~exactly! and thus
ln@Lmax/Lmin#→0. To modify this estimate to give this co
rect high membrane concentration limit, while retaining
correct dilute solution behavior, we can simply add it
quadrature to the short wavelength cutoffLmin .56 Thus we
use

Lmax>A~Lmaxuo!21Lmin
2 . ~D5!

Substituting these expressions we obtain

dcfM[C8tM~Areal/Aproj!, ~D6!

and the estimate of the excess area factor becomes

Areal

Aproj
>11

kBT

8pko
lnF11

ko

kBT S C8tM

Lmin /x

~12fM !

fM
D 2G .

~D7!

The fits to our dilution series data shown in Fig. 5 u
Eqs. ~D6! and ~D7! to obtain best fit values for three inde
pendent fitting parameters,ko /kBT, C8tM , andLmin /x. For
the 9 lamellar data points we obtained a value ofko /kBT
50.860.2, consistent with previous determinations by di
tion law measurements.33,34 The product of the geometri
area factor and the membrane thickness wasCa8 tM525.6
60.5 Å. If we simply setCa851, i.e., the value for flat
stacked membranes, this value maybe considered a d
measurement of the effective membrane thicknesstM in so-
lution. As noted in Sec. IV this value is consistent with
hydrocarbon core width ofto520.561.0 Å and a 2–3 Å
head group surface layer thickness.

The best fit value obtained forLmin /x was 50625 Å.
Using x;0.9, our estimate of the short wavelength cutoff
thenLmin'45622 Å. The standard error limits on this valu
put it slightly higher than the usual estimates, which cor
spond to about twice the CPCl surfactant head group s
ration in the membrane,33,34which is only about 20 Å for this
system.57 However, that this value is approximately twice th
membrane thickness is suggestive, as it represents twice
dimension of the minimal unit section of membrane go
erned by the fluctuation dynamics,52 which would therefore
be a slab of membrane of length;tM in all dimensions.
Phenomenologically, this term simply acts as a cutoff va
for the dynamics dominating membrane behavior at low c
centrations and forces the required physically realistic c
straint Lmax/Lmin→1 asfM→1. Its effect is evident in our
data as for membrane volume fractions above 30 vol %
begin to approach something like simple dilution law beh
ior, i.e.,dcfM'C8tM5const, in both membrane phase mo
phologies.

This supression of the logarithmic correction at high
concentrations has been observed previously. A striking
ample was reported by Freyssingeaset al.40 in a high reso-
lution x-ray measurements of lamellar phases in
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C12E5–hexanol–water system at membrane concentrat
up to 72 vol %. They found thatdafM was essentially con-
stant at membrane concentrations above 50 vol % after
ing by about by one third from its value atfM;1 vol %.
They then used the simple dilution law at these higher c
centrations to obtain the membrane thickness for this sys
~as we could for ours above 30 vol %!. Similar ideal dilution
law behavior for DMPCLa phases at higher concentration
was noted and discussed by Deme´ et al.58

Since there only four data points in the sponge diluti
series a three parameter fit will be overdetermined, mak
finite error estimation difficult. We therefore fixedLmin /x at
50 Å, the lamellar best fit value. For this fitko /kBT was
0.860.3, indistinguishable from its value for the lamell
phase series, whileC38tM was 31.760.7 Å. From this latter
value and the membrane thickness value from the lame
fit, tM525.660.5 Å, we obtain an estimate of the zero flu
tuation limit geometric area factor for the CPCl–hexano
brine sponge phase ofC3851.2560.004.
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43If we examine the bulk phase diagram for this system~Fig. 1! we see that
increasing the mass ratiomHex /mCPCl increases the intrinsic curvature o
the membrane phases in this system. It should be noted that chang
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